We have used a papillation screening technique to isolate mutations that increase the precise excision of insertion elements. The three mutations isolated stimulated precise excision of TnS, TnlO, and the IS elements. They had a large, 20-to 600-fold, effect on excision of TnS at various chromosomal sites. The varied stimulation for different TnS insertions showed that the mutations altered the relationship between a precise excision activity and the chromosomal sequence flanking an inserted TnS. A much smaller stimulation was observed for insertions on the plasmid F'128. The stimulation was recA independent. The mutations also reduced the rate of production of bacteriophage Mu progeny. The mutations were mapped by two-and three-factor crosses with closely linked TnlO insertions.
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They defined the uup locus, located at 21.3 min on the Escherichia coli map, next to pyrD.
A number of genetic elements insert into the Escherichia coli chromosome independently of homologous recombination functions. These elements include the transposons, which determine a number of drug resistances, and the simpler IS elements (8, 11, 13, 22) . There is little nucleotide sequence specificity for the target site of a particular insertion element.
Insertion of a transposon or IS element within a gene prevents the formation of an active gene product. The activity of such a gene is restored at a low frequency by precise excision of the insertion element (2, 13) . It has been shown that the original transposition event involves not only insertion of a transposable element but also the duplication of a short sequence of target DNA such that the insertion element is bounded by short, direct repeats (3, 9, 12) . Precise excision presumably removes one of these direct repeats as well as the inserted material. Precise excision is independent of recA gene function and so presumably occurs by some form of recombination event different from the normal homologous recombination pathway in E. coli.
The isolation and characterization of mutants with altered frequencies of precise excision is one approach to determining the mechanism of precise excision and the relationships, if any, between this process and other genetic rearrangements mediated by insertion elements (7, 9) . For example, mutations in the loci encoding the integration host factor protein required for bacteriophage X integration and excision and for bacteriophage Mu growth have been shown to reduce transposon precise excision severely (16) (17) (18) . This paper describes another class of mutations affecting precise excision. The mutations increase the frequency of the excision event for both transposons and IS elements. They define a new genetic locus, uup, mapping at 21.3 min on the E. coli K-12 chromosome.
MATERIALS AND METHODS
Bacterial and bacteriophage strains. The E. coli K-12 strains and the bacteriophage strains are listed in Table   1 .
Growth media. Mutants were isolated on lactose MacConkey agar plates (Difco Laboratories). Minimal medium plates were made with M9 salts (19) containing the required amino acids and, when necessary, uracil. The carbon source was 0.2% glucose or lactose. LB medium was used for liquid cultures (19) . YT plates (19) containing 30 ,ug of kanamycin or 20 Fg of tetracycline per ml were used for the isolation of Tn5 (kanamycin resistance) and TnlO (tetracycline resistance) insertions and for P1 transduction of TnS and TnlO.
P1 transduction. Transduction with Plvir was performed as described previously (19) . The map position of the uup locus was determined from cotransduction data with the formula of Wu (24) .
Construction of TnS and TnlO insertions. lacZ::Tn5 insertions were constructed by the procedure of Bukhari et al. (2) . Insertions of Tn5 and TnlO in biosynthetic operons were obtained by infecting with X::Tn5 and X::TnlO, respectively, and then enriching for auxotrophs with ampicillin treatment (5) quencies of the Uup phenotype and the tetracycline resistance were determined for several isolates. Determination of precise excision frequencies. Quantitative determinations of precise excision were made by measuring the reversion frequencies of TnS-and TnlO-induced mutations as described previously (10, 14) . The frequencies are averages for four independent cultures. J. Beckwith
Growth of bacteriophage Mu. The burst size of (X7029 debacteriophage Mu was measured by infecting stationrivative) ary phase cells with Mu at a multiplicity of infection of 0.1 phage per cell, allowing adsorption to occur for 20 min, diluting 1:1,000, and titering Mu before and after 100 min of growth at 37°C. The cultures contained 2 mM CaC12, 2 mM MgSO4 and 0.2% glucose.
The frequency of bacteriophage Mu lysogeny was determined by using a defective Mu genome that encodes ampicillin resistance. The frequency of ampicillin-resistant transductants was determined after adsorption of the phage and expression of resistance.
Mutagenesis. UV mutagenesis was performed by the B. White method of Schwartz and Beckwith (23 (Table 2) . For example, TnS excision from a site in leu was 100-to 300-fold higher in the three mutant strains as compared with the parental strain. Precise excision is recA independent (8, 13, 22) , so mutations affecting this process should exhibit their phenotype in a recA background. As expected, all three uup strains showed their full effects on leu::TnS after introduction of a recA mutation by Pl transduction ( Table 2 ). The magnitude of the stimulation seen in the mutant strains varied from one insertion to another. For example, uup-J strains showed a 19-fold increase in precise excision from a pyr site and a 625-fold increase from a cys site, even though these two insertions showed the same wild-type excision levels ( Table 2 ). This suggests that the uup mutations alter the interactions between a protein involved in precise excision and the chromosomal sequences flanking the inserted TnS.
The uup mutations stimulated precise excision of TnJO as well as TnS, a 13-fold effect being found for a TnJO insertion in proAB (Table 2) .
They also stimulate precise excision of IS elements in the chromosomal bgl locus (21) and had a small effect on an IS50 insertion in the tet gene of pBR322 (data not shown). These observations show that uup has a general effect on precise excision of both transposons having large inverted repeat sequences and the smaller insertion sequences that lack large inverted repeats.
uup mutations have a differential effect on precise excision from F plasmid and chromosomal sites. The level of TnS precise excision from a particular site is much higher when that site is located on a F plasmid rather than the bacterial chromosome (10) . For example, the precise excision frequency for a particular lacZ: :TnS insertion increased 155-fold when that insertion was carried on a Flac pro plasmid rather than on the chromosome of an otherwise isogeneic female strain ( Table 3 ). The uup mutations showed only a very small stimulation of the TnS excision from lacZ when the insertion was carried on the Flac pro plasmid, in contrast to the large effects seen when this same insertion was located on the chromosome of an isogeneic female strain ( Table (Table 4) . Phage growth curves with wild-type and uup-J strains as hosts showed that this reduced burst size was due to a lowered rate of appearance of Mu progeny rather than a delay in the initial appear- ance of phage (Fig. 1) . This result was not due to impaired adsorption of the phage, as the efficiency of plating of Mu was not reduced in strains carrying uup mutations (Table 4) . Phage Mu also integrates into the E. coli chromosome during lysogenization (3) . To test the effect of uup on lysogenic integration we infected wild-type and uup strains with a defective Mu Ap transducing phage (4) and determined the number of Ampr lysogens. The uup strains were lysogenized about fourfold less efficiently than the wild-type strain (Table 4) .
A class of mutations isolated previously has been shown to reduce both precise excision and growth of bacteriophage Mu (16, 17) . The mutations map in the himA and himD loci and cause alterations in the host proteins required for phage A integration and excision (18) . To determine whether the uup mutations were related to this system we examined their effects on the growth and lysogeny of X. No effects were found (data not shown), suggesting that the very large stimulation of precise excision in uup strains is not the result of overproduction of the IHF protein encoded by the himA and himD genes.
Mapping of the uup mutations. To determine whether the three uup mutations lie at a single locus and to map this locus, we isolated two TnlO insertions that cotransduce with uup-l (see text). uup-J, uup-2, and uup-3 were all 26% cotransducable with one TnlO insertion and 65% cotransducible with the second. This result places the three mutations at a single locus.
The two TnJO insertions were shown to lie near the aroA locus by Hfr mapping. Two-factor crosses carried out by Pl transduction showed that the two insertions cotransduce with both aroA and pyrD (Fig. 2) . One TnJO insertion was ordered relative to these two loci by reciprocal three-factor crosses, with aroA as the selected outside marker. The results (Table 5 ) demonstrate unambiguously that the order is aroA, zca-9: :TnJO, pyrD. Finally, reciprocal three-factor crosses were performed to determine the positions of uup-J and uup-2 relative to zca9: :TnlO and pyrD. These data ( (6, 7) . This kind of model states that the element does not excise from its parent site, but rather a daughter missing the element is formed during DNA synthesis where the replication fork and its associated polymerase skip past the sequences of the transposon on the parental strand. This type of model states that the sym- 
